The transcriptional induction of the cytochrome P-450 1A1 (CYP1A1) gene by xenobiotics such as polyaromatic hydrocarbons is dependent on their interaction with the aryl hydrocarbon receptor. Administration of the structurally unrelated compounds metyrapone (a cytochrome P-450 inhibitor) or dexamethasone (a glucocorticoid) to male rats does not induce hepatic CYP1A1 mRNA. However, administration of both metyrapone and dexamethasone to male rats results in the induction of hepatic CYP1A1 mRNA expression. The induction response is mimicked in itro in cultured rat hepatocytes by the addition of metyrapone and dexamethasone to a serum-free culture medium, suggesting that these compounds act directly on the liver in i o to effect hepatic CYP1A1 mRNA induction. An examination of the characteristics of CYP1A1 induction by metyrapone and dexamethasone in combination in itro indicate that at least 6 h of treatment is required for detectable levels of CYP1A1 mRNA to accumulate in hepatocytes. In contrast, β-naphthoflavone, which is known to bind to the aryl hydrocarbon receptor to effect CYP1A1 gene expression, induces detectable levels of CYP1A1 mRNA within 2 h of treatment. CYP1A1 mRNA is also induced when hepatocytes are treated with metyrapone in combination with the protein synthesis inhibitor cycloheximide but not with dexamethasone in combination with cycloheximide, indicating that CYP1A1 mRNA induction is strictly dependent on the presence of metyrapone and suggesting that the metyrapone-associated induction of CYP1A1 mRNA is dependent on a loss of a constitutively expressed protein that functions to suppress CYP1A1 gene expression. The role of dexamethasone in metyrapone-associated induction of CYP1A1 is probably mediated through the gluco-
INTRODUCTION
The term cytochromes P-450 (CYP) describes a gene superfamily of haemoproteins that mediate the metabolism of many xenobiotics [1] . The CYP1A1 gene product is prominent in the metabolism and activation of carcinogenic polycyclic aromatic hydrocarbons (PAHs), many of which also induce the expression of this gene [2] . Many tissues express constitutively low levels of CYP1A1 and expression is induced through the interaction of Abbreviations used : CYP, cytochrome P-450 (the nomenclature employed for cytochrome P-450 is that recommended [1] ) ; MET, metyrapone [2-methyl-1,2-bis(3-pyridyl)-1-propanone] ; DEX, dexamethasone (9-fluoro-11β,17,21-trihydroxy-16α-methylpregna-1,4-diene-3,20-dione) ; β-NF, β-naphthoflavone (5,6-benzoflavone) ; α-NF, α-naphthoflavone (7,8-benzoflavone) ; RU486, mefipristone [17β-hydroxy-11β-(4-dimethylaminophenyl)-17α-1-propynyl-oestra-4,9-dien-3-one] ; TCDD, 2,3,7,8-tetrachlorodibenzo-p-dioxin ; GR, glucocorticoid receptor ; AhR, aryl hydrocarbon receptor ; PAH, polyaromatic hydrocarbon ; GRE, glucocorticoid response element ; [LR] max e , maximum derived ligand-receptor concentration determined experimentally, equivalent to receptor concentration assuming 1 : 1 stoichiometric interaction ; HBSS, Hanks balanced salt solution ; BP, benzo[a]pyrene. 1 Present address : Department of Biochemistry and Molecular Biology, Royal Free Hospital School of Medicine, Rowland Hill St, London NW3 2PF, U.K. 2 To whom correspondence should be sent. Present address : University Medicine, Level D, South Block, Southampton General Hospital, Tremona Rd, Southampton SO16 6YD, U.K.
corticoid receptor since the glucocorticoid receptor antagonist RU486 reduces the levels of CYP1A1 mRNA induced by metyrapone and dexamethasone in combination. Increasing the levels of the photosensitizer riboflavin present in the culture medium 10-fold and exposure to light increases the levels of CYP1A1 mRNA induced by metyrapone and dexamethasone in combination in itro, suggesting that photoactivation of inducing medium constituent(s) might be required for induction. Failure to induce CYP1A1 mRNA by co-administration of metyrapone and dexamethasone in hepatocytes cultured in a balanced salt solution with or without photoactivation indicates that induction is dependent on a photoactivated component of the culture medium and not on metyrapone or dexamethasone alone. The addition of tryptophan in the presence of riboflavin to the balanced salt solution restores CYP1A1 mRNA induction by metyrapone alone and induction is increased when medium is exposed to light, indicating that induction is dependent on tryptophan photoactivation in itro. Metyrapone failed to compete with 2,3,7,8-tetrachlorodibenzo-p-dioxin for specific binding to the aryl hydrocarbon receptor in rat liver cytosolic fractions. These results suggest that CYP1A1 might be induced in rats by metyrapone through an indirect mechanism associated with an elevation in the level of an endogenously generated inducer such as photoactivated product(s) of tryptophan and not because of metyrapone's interacting with the aryl hydrocarbon receptor. The dependence of CYP1A1 induction on dexamethasone or cycloheximide suggests that derepression by a glucocorticoid receptor-modulated negative-acting factor of CYP1A1 gene expression might be critical to induction by metyrapone.
inducers with the aryl hydrocarbon receptor (AhR), a basic helix-loop-helix protein component of a transcription factor complex present in the cytosolic fraction of many tissues when unliganded or inactivated [3] [4] [5] . The polychlorinated dioxin 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) is a potent inducer of CYP1A1 and binds with relatively high affinity to the AhR compared with other PAH-binding proteins [6] . Accordingly it is a model compound for examining the functional role of the AhR in cellular processes. It has been established that TCDD's binding to the AhR results in the dissociation of the complex of proteins associated with the AhR, such as heat shock protein 90 [7] and others [8] . Association of the AhR with another basic helixloop-helix protein, the aryl hydrocarbon nuclear translocator, facilitates nuclear localization and is required for association with specific DNA sequences known as dioxin response elements or xenobiotic response elements [9, 10] . The presence of xenobiotic response elements upstream of the CYP1A1 gene in mouse, rat and human has been demonstrated to increase the transcription of the CYP1A1 gene [11] [12] [13] . The pivotal role of the AhR in the mechanism of CYP1A1-inducible expression in the mouse is confirmed by a loss in TCDD-inducible expression in ' knockout ' AhR −/− mice containing a disrupted AhR gene [14] . However, there remains a dispute about the role of other PAHbinding proteins in the CYP1A1 induction response and suggestions that there might be an AhR-independent mechanism of CYP1A1 gene induction [15] . The CYP1A1 inducer benzo[a]pyrene (BP) has been reported by some groups to bind only to the 4 S PAH-binding protein in rat cytosol, although the identity of this protein still remains to be confirmed [16] [17] [18] [19] .
Previous work in this laboratory has shown that metyrapone (MET) is a ' phenobarbitone-type ' inducer in that it induces the CYP2B and CYP3A subfamilies, but not the CYP1A subfamily, in rats [20, 21] . The ability of MET to maintain the spectrophotometrically detectable levels of CYP in cultured hepatocytes [22] is associated with a transcriptional induction of CYP3A1\ 3A23 [23] and a stabilizing effect on existing CYP protein through liganding the haem prosthetic group [22, 24, 25] . CYP2B is induced to only low levels by MET in itro in hepatocytes cultured in serum-free medium (O. Boocock, A. J. Paine and M. C. Wright, unpublished work), probably due to the absence of an extracellular matrix [26] from the culture system employed in these studies. However, MET also induces CYP1A protein [20] and CYP1A1 mRNA levels [27] (but not CYP1A2 mRNA levels [28] ) in hepatocytes (cultured in serum-containing medium), in apparent contrast with observations in i o. Several compounds have been demonstrated to be CYP1A1 inducers, including carbaryl [29] , brevitoxin-6 [30] , myristicin [31] and omeprazole [32] , although they are either unexpected ligands for the AhR or show no detectable affinity for the AhR. The induction of CYP1A1 mRNA by MET is therefore examined under fully defined conditions because this compound and its known metabolites do not have the characteristic structure of classical AhR ligands [33] . The interaction of the glucocorticoid dexamethasone (DEX) is examined because glucocorticoids are common additions to hepatocyte culture media and might explain the difference between the effects of MET observed in itro and in i o with respect to CYP1A1 gene expression.
MATERIALS AND METHODS

Animals and materials
Male Sprague-Dawley CD rats purchased from Charles River Ltd (Margate, Kent, U.K.) at a body weight of 250-300 g were used in all studies. Animals were housed for at least 1 week before use in an air-conditioned environment of 20p3 mC and a humidity of 50p10 % with a 12 h light\12 h dark cycle. Food (rat maintenance diet no. 1 ; SDS Witham, Essex, U.K.) and water were available ad libitum.
17β-Hydroxy-11β-(4-methylaminophenyl)-17α-1-propynyloestra-4,9-dien-3-one (RU486) and TCDD were generously supplied by Roussel-Uclaf (Romainville, France) and Dr. A. Smith (MRC Toxicology Unit, Leicester, U.K.). MET and DEX were purchased from the Sigma Chemical Co. The rat CYP1A1 and rat actin cDNAs were provided by John Fagan (Maharishi International University, Fairfield, IA, U.S.A.) [34] 
Animal dosing
Substances were administered to rats by intraperitoneal injection (250 mg of MET\kg body weight and\or 5 mg of dexamethasone-21-phosphate\kg body weight). Each compound was dissolved in saline vehicle. Control animals received saline vehicle only. Treatment was repeated 24 h after the first dose and the animals were killed by CO # asphyxiation 6 h after the second and final dose for analysis of mRNA expression.
Hepatocyte isolation and culture
Single-step collagenase live perfusion was performed as described [35] . In brief, each rat was anaesthetized by intraperitoneal injection with 60 mg sodium pentobarbitone (Rhone Poulenc, Dagenham, Essex, U.K.) per kg of body weight and a heparinfilled 16G cannula was inserted into the portal vein. After the cannula had been secured by ligation, a cut was made in the posterior vena cava and the liver was perfused with Ca# + \Mg# + -free Hank's balanced salt solution (HBSS) [0n14 M NaCl\5n4 mM KCl\0n34 mM Na
The perfusate was gassed with O # \CO # (19 : 1) before being passed through the liver at a pH of 7n4 and a temperature of 37 mC. After the liver had been cleared of blood and excised from the body cavity, it was perfused with HBSS containing 0n025 % collagenase H (Boehringer Mannheim, Lewes, East Sussex, U.K.) and recirculation continued for 30 min. The cells were dispersed in HBSS containing 2 % (w\v) BSA, filtered through 120 µm nylon mesh and centrifuged at 50 g for 3 min. The cells were resuspended in ' modified WME ' culture medium [William's Medium E (Flow Laboratories, Irvine, Scotland, U.K.) supplemented with 2 nM insulin, 10 nM glucagon and 50 µg\ml gentamycin] and washed twice further in modified WME by centrifugation at 50 g for 3 min. Viable hepatocytes (1n8i10() were suspended in 20 ml of modified WME further supplemented with 1 µg\ml fibronectin to promote substratum attachment, and seeded on 150 mm diameter collagen-coated (130 µg per plate) plastic plates in a humidified air\CO # (19 : 1) atmosphere at a temperature of 37 mC. For analysis of the effect of cycloheximide on CYP1A1 mRNA expression, hepatocytes were seeded in modified WME as outlined above. After 4 h of culture, the medium was replaced with medium containing cycloheximide and\or any additional treatments. For examination of the effect of inducers on hepatocytes cultured in a balanced salt solution, hepatocytes were also seeded in modified WME. After 4 h, culture medium was removed and attached hepatocytes were washed extensively with HBSS containing 1n3 mM CaCl # and 0n81 mM MgSO % (HBSSjCa\Mg) and then incubated with HBSSjCa\Mg supplemented with required treatments. Culture medium illumination was achieved essentially as described previously [36, 37] . In brief, medium in glass bottles was exposed to light illumination from a 60 W tungsten lamp at a distance of 17 cm for 30 min before use.
Isolation of RNA and Northern blotting
RNA was isolated from whole liver and cultured hepatocytes by using RNAzol (Biogenesis, Bournemouth, Hants., U.K.) essentially as outlined in the manufacturer's instructions. Briefly, RNA was extracted from RNAzol homogenates with chloroform, precipitated with propan-2-ol and washed with 75 % (v\v) ethanol. The RNA was resuspended in water at approx. 4-8 mg\ ml and aliquots were stored at k20 mC. RNA was electrophoresed on 1n5 % (w\v) agarose gel in 20 m Mops buffer, pH 7n0, containing 5 mM sodium acetate, 1 mM EDTA and 1n9 % (w\v) formaldehyde. Integrity and equal loading of RNA were ascertained by observing ethidium bromide-stained 28 S and 18 S rRNA bands under UV illumination. The RNA was transferred overnight from gels to nylon membranes (Hybond-N, Amersham) by capillary action and then cross-linked to the membrane by UV irradiation (306 nm, 120 mJ). Hybridizations with cDNA probes were performed with QuikHyb (Stratagene) in accordance with the manufacturer's instructions. Membranes were washed twice at room temperature with 2iSSC\0n1 % SDS for 30 min [20iSSC in 3 M NaCl\0n3 M sodium citrate (pH 7n0)] followed by a wash in 0n1iSSC\0n1 % SDS for 30 min. A high-stringency wash (5-10 min) was performed between 40 and 55 mC in 0n1iSSC\0n1 % SDS before membranes were wrapped in Saran wrap and subjected to autoradiography at k70 mC.
Receptor-ligand binding studies
Hepatic cytosolic fractions were prepared after the removal of blood from the liver by perfusion with ice-cooled HBSS essentially as outlined for collagenase perfusion above. The liver was disrupted in HEDG buffer [23 mM Hepes buffer (pH 7n6)\ 1 mM EDTA\10 % (v\v) glycerol\1 mM dithiothreitol] with a Potter-Elvehjem homogenizer ; the resultant homogenate was centrifuged at 14 000 g for 20 min at 2 mC. The supernatant was centrifuged at 100 000 g for 2 h at 2 mC and the supernatant (cytosol) was frozen in aliquots at k70 mC. The total cytosolic protein concentration was determined by the method of Lowry et al. [38] .
Cytosolic fractions were defrosted as needed and diluted to 10 mg\ml protein with HEDG buffer. Aliquots were incubated on ice with radioactive ligand with or without excess unlabelled ligand or potential competitors until specific radiolabelled binding had reached equilibrium, as determined in separate studies. Specifically and non-specifically labelled cytosolic protein was separated from free radioligand by gel filtration with Sephadex G25 PD-10 in disposable columns (Pharmacia). The radioactivity was determined by liquid scintillation. The levels of specifically radiolabelled protein were determined by comparing radiolabelled protein radioactivity with samples incubated with radiolabelled ligand plus a 200-fold molar excess of unlabelled ligand. For the determination of the ligand binding parameters K d and [LR] max e (receptor concentration), a range of radiolabelled ligand concentrations were used and binding data were fitted by leastsquares nonlinear regression with the ENZFITTER program [39] . An aliquot of the incubation was removed before separation of free ligand from protein and the radioactivity was determined in order to determine accurately the concentration of labelled ligand.
Owing to the high levels of non-specific binding of TCDD radiolabel to cytosolic protein, specific and non-specifically radiolabelled TCDD cytosolic protein incubated with or without excess unlabelled TCDD or metyrapone was subjected to gel filtration (after removal of free ligand with Sephadex G25 PD-10 columns) on a Superose 12HR 10\30 FPLC column (Pharmacia) with HEDG as the mobile phase. The eluate was monitored for protein at 280 nm and fractions were collected for analysis of radioactivity by liquid scintillation. Figure 1 indicates that the administration of both MET and DEX (MET\DEX) to adult male rats resulted in the induction, from undetectable levels, of hepatic CYP1A1 mRNA. In contrast, the administration to rats of either MET or DEX alone did not induce CYP1A1 mRNA (Figure 1) . Hepatocytes cultured in a serum-free medium with MET\DEX also induced CYP1A1 mRNA but not in the presence of either compound alone ( Figure  2 ). Figure 2 shows that the AhR ligand and CYP1A1 inducer β-naphthoflavone (β-NF) [40] alone induced CYP1A1 mRNA in this culture system and that DEX increased the levels of CYP1A1 mRNA induced by β-NF. The enhancing effects of DEX on β-NF induction of CYP1A1 mRNA contrasts with induction by MET\DEX in that both compounds must be present in the latter situation. An examination of the time course for the induction of CYP1A1 mRNA by either MET\DEX or β-NF indicates that β-NF induced detectable levels of mRNA within 2 h of treatment (Figure 3a) , whereas MET\DEX treatment required between 6 and 24 h of treatment (Figure 3b ).
RESULTS
Induction of hepatic CYP1A1 mRNA in rats and hepatocyte cultures treated with MET and DEX
It should be noted that the levels of CYP1A1 mRNA induced by MET\DEX in itro (when compared with the levels of CYP1A1 mRNA induced by β-NF in the same experiment) were variable between separate experiments (compare responses in Figures 5 and 6 ). However, the concentration-dependent effect(s) of DEX on the induction of CYP1A1 mRNA with MET remained similar between experiments in that 50 % maximal induction was observed with DEX in the nanomolar range, as observed for DEX enhancement of β-NF-dependent CYP1A1 mRNA induction (results not shown). Figure 4 indicates that addition of the protein synthesis inhibitor cycloheximide [41] to culture medium did not induce CYP1A1 The gel in the upper panel was probed with the CYP1A1 cDNA ; that in the lower panel was probed with the actin cDNA (note that the low levels of actin mRNA in isolated cells were due to a temperature-dependent induction of an RNase directed at specific mRNA species that is induced in hepatocytes when they are isolated [67] , and were not due to less RNA in isolated cells, as determined by ethidium bromide staining of rRNA). Results are typical of at least ten separate experiments.
Effect of cycloheximide on the induction of CYP1A1 mRNA by MET/DEX in cultured hepatocytes
mRNA levels in hepatocytes but that when it was combined with MET there was induction of CYP1A1 mRNA. The results presented in Figure 4 also indicate that the co-incubation of cycloheximide with DEX did not induce CYP1A1 mRNA.
Comparison of the levels of CYP1A1 mRNA induced by MET\DEX and MET\DEX in the presence of cycloheximide suggests that there was no simple additive effect of DEX and cycloheximide on the apparent MET-dependent induction of CYP1A1 mRNA (Figure 4) .
Effect of the RU486 and α-naphthoflavone (α-NF) on the induction of CYP1A1 mRNA by β-NF and MET/DEX in cultured hepatocytes
The results presented in Figure 5 indicate that the glucocorticoid and progesterone receptor antagonist RU486 [42] did not induce CYP1A1 mRNA expression in cultured hepatocytes. However, when RU486 was added to MET-treated hepatocytes, CYP1A1 mRNA was induced although the level of induction was low compared with MET\DEX-treated hepatocytes ( Figure 5 ). The addition of RU486 to MET\DEX-treated hepatocytes decreased the levels of CYP1A1 mRNA induced by MET\DEX alone, whereas RU486 has no effect on the levels on CYP1A1 mRNA induced by β-NF ( Figure 5 ).
α-NF has been reported to be an AhR antagonist [43] or a weak AhR agonist [44] . In our hands, α-NF alone induced the levels of CYP1A1 mRNA to levels comparable to those achieved by β-NF, and they were enhanced by co-incubation with DEX ( Figure 5 ). Interestingly, there is an increased level of CYP1A1 mRNA induction when cultured hepatocytes were treated with both α-NF and MET\DEX compared with the levels induced by each treatment alone. In contrast, no additive effect was observed with α-NF and β-NF ( Figure 5 ).
Effect of riboflavin, light illumination and the presence of histidine or tryptophan on the induction of CYP1A1 mRNA by DEX/MET
The results presented in Figure 6 indicate that the induction of CYP1A1 mRNA was increased when hepatocytes were treated with MET\DEX in medium subjected to photoactivation (by increasing the concentration of the photosensitizer riboflavin present in WME from 0n27 to 2n7 µM and by exposure to light) compared with medium (supplemented with additional riboflavin) that had received minimal light exposure. In addition, under these conditions, MET alone consistently induced CYP1A1 mRNA when present in medium supplemented with additional riboflavin and exposed to light ( Figure 6 ).
The results presented in Figure 7 indicate that MET or MET\DEX did not induce CYP1A1 mRNA when hepatocytes were treated in a balanced salt solution (HBSSjCa\Mg) supplemented with 2n7 µM riboflavin with or without exposure to light. In contrast, β-NF induced CYP1A1 mRNA in hepatocytes cultured in the balanced salt solution without exposure to light.
Previous experiments with continuous liver-derived cell lines demonstrated that photoactivated histidine resulted in the induction of CYP1A1-mediated aryl hydrocarbon hydroxylase activity [36, 37] . However, the addition of histidine to balanced salt solutions with or without riboflavin and light treatment did not restore CYP1A1 mRNA inducibility to MET in cultured hepatocytes (results not shown). Supplementation of the balanced salt solution with riboflavin and 50 µM tryptophan (the concentration present in WME) with minimal light illumination restored the inducibility of CYP1A1 mRNA to MET (Figure 7) . Exposure of this medium to light illumination further increased the levels of CYP1A1 mRNA induction by MET (Figure 7) .
Examination of the ability of metyrapone to compete with the specific binding of radiolabelled TCDD and BP to hepatic liver cytosolic protein(s)
The CYP1A1 inducer TCDD [6] has been reported to be a specific ligand for the AhR [16, 17, 45] . The incubation of radiolabelled TCDD with rat liver cytosolic protein results in the specific binding of protein as determined by co-incubation with excess unlabelled TCDD, although the non-specific binding to cytosolic proteins (40-50 % of total binding) is 10-fold that experienced with less hydrophobic ligands such as steroid hormone binding to steroid hormone receptors and membraneassociated binding sites [46, 47] At a fixed concentration of radiolabelled TCDD, metyrapone significantly decreased the apparent specific levels of binding of TCDD to cytosolic protein, although within the 10-1000 µM range of metyrapone concentrations employed, there was no concentration-dependent competition and the levels of competition did not exceed the percentage levels of non-specific binding compared with specific binding (Table 1 ). DEX at 100 nM did not compete with radiolabelled TCDD for binding to cytosolic protein (results not shown). Also, addition of 100 nM DEX to cytosolic fractions containing MET did not affect the apparent competition of MET for radiolabelled TCDD binding to cytosolic protein (results not shown). In contrast, the CYP1A1 inducers and AhR ligands β-NF and 3-methylcholanthrene potently competed with TCDD for binding to cytosolic protein (Table 1 ). The incubation of cytosolic protein with radiolabelled TCDD in the presence or absence of 100 µM metyrapone followed by gel filtration on a Superose 12HR 10\30 FPLC column, after removal of free ligand, also indicated that metyrapone does not compete with radiolabelled TCDD for binding to a peak in radioactivity that was eluted from the column after the void peak and with high-molecular-mass cytosolic proteins, probably including AhR, which as a heteromeric complex is of the order 200-300 kDa [50, 51] (results not shown). BP was relatively weak in its ability to compete with TCDD for binding to cytosolic protein and in these experiments 10 µM BP did not result in statistically significant competition in three separate experiments ( Table 1) .
The incubation of radiolabelled BP with rat liver cytosolic protein also resulted in specific binding of protein as determined by co-incubation with unlabelled BP. The level of specific binding of radiolabelled BP with increasing concentrations of radioligand determined a K d of 12p5n8 nM BP and an [LR] max e of 1n7p0n19 pmol\mg of cytosolic protein (meanspS.D. for determinations from three separate cytosol preparations). These values [18, 52] . By employing a fixed concentration of radiolabelled BP, it can be seen that metyrapone significantly reduced the levels of binding of BP to cytosolic protein in a concentration-dependent manner and in excess of any effects on non-specific binding of BP (Table 1) . β-NF and 3-methylcholanthrene competed with BP for binding to cytosolic protein ; in contrast, no significant competition was observed with up to 100 nM TCDD (Table 1) .
DISCUSSION
The results presented here indicate that the expression of hepatic CYP1A1 mRNA is induced in rats treated with MET in the presence of a glucocorticoid. Induction by MET\DEX in hepatocytes cultured in a fully defined serum-free medium indicate that MET and DEX act directly on the liver in i o to effect CYP1A1 mRNA induction. The ability of cycloheximide to substitute for DEX in itro suggests that CYP1A1 mRNA induction has an obligatory dependence on the presence of MET. The characteristics of MET\DEX-associated CYP1A1 mRNA induction differ from those of β-NF in itro in the time course for detectable mRNA induction, the nature of the dependence on glucocorticoid, and the requirement for a photoactivated medium constituent. These observations indicate that the mechanism of induction of CYP1A1 mRNA by MET\DEX is different from that of induction by β-NF, which has been established to be mediated by a direct interaction with the AhR [40] .
Time course
The time course for the increase in the detectable levels of CYP1A1 mRNA in itro is slower in hepatocytes treated with DEX\MET than in those treated with β-NF. The rapid effects of both MET and DEX on CYP3A expression [23, 53] suggest that this delay is not associated with a difference in cellular uptake but is due to a time-consuming process critical to induction.
Role of glucocorticoid
The induction of CYP1A1 mRNA by β-NF is enhanced by DEX, although DEX alone does not induce CYP1A1 mRNA. The role of DEX in the MET-associated induction of CYP1A1 mRNA in hepatocytes cultured in modified WME therefore seems to be different in that it is absolutely required. Examination of the concentration-dependent effects of DEX on the β-NF-and MET-associated induction of CYP1A1 mRNA shows that the concentration of DEX required to have approximately halfmaximal induction is in the nanomolar range for both compounds. This concentration is approximately in the range of the K d for DEX for the rat GR in rat hepatic cytosol [46] , a concentration relevant to the effects observed because this synthetic steroid is several orders more potent than other glucocorticoids such as hydrocortisone at inducing GR-dependent genes in the liver, presumably because DEX is relatively slowly metabolized to non-GR agonist metabolites [21, 35] . In addition, the levels of induction of CYP1A1 mRNA induced by MET\DEX are decreased when hepatocytes are additionally treated with the GR antagonist RU486. The role of DEX in the MET\DEX-associated induction of CYP1A1 mRNA is therefore likely to be mediated through the GR. The role of glucocorticoids in the mechanism of induction of CYP1A1 has been established for classic AhR-dependent inducers as being associated with an enhancement (approx. 2-4-fold) of CYP1A1 gene transcription through the interaction of ligand-activated GR with glucocorticoid response elements (GREs) present within the first intron of the CYP1A1 gene [54] [55] [56] . DEX is therefore likely to increase the transcription of CYP1A1 mRNA associated with either β-NF or MET by this mechanism. However, because cycloheximide substitutes for DEX in MET-associated induction of CYP1A1 mRNA, GR activation might also inhibit the activity of a constitutively expressed factor that down-regulates CYP1A1 gene transcription. In this respect it has been demonstrated that the presence of a region k843 to k746 bp 5h upstream of the rat CYP1A1 gene suppresses basal CYP1A1 promoter activity and it is termed the CYP1A1 negative regulatory element (NRE) [57, 58] . The GR might therefore interact with protein(s) that bind to the CYP1A1 NRE and such an interaction might be critical to effect the CYP1A1 induction associated with MET. Alternatively, the GR might repress the expression of the negative acting factor or induce the expression of factors that repress the expression or function of the negative-acting factor of CYP1A1 gene expression.
Medium constituent
An examination of the effect of MET\DEX and β-NF on the induction of CYP1A1 mRNA in hepatocytes cultured in a balanced salt solution indicates that MET\DEX induction requires the presence of a medium constituent in itro, in contrast with that of β-NF. Binding results indicate that MET does not compete with TCDD for binding to cytosolic protein(s), in contrast with β-NF, suggesting that MET is not a ligand for the AhR. However, MET and β-NF both compete with the CYP1A1 inducer BP for binding to cytosolic protein(s), suggesting that these compounds bind to the 4 S PAH-binding protein. In our studies, BP was found to be a CYP1A1 mRNA inducer (results not shown), in agreement with others [59, 60] , yet BP is reported to be a weak ligand of the AhR [61] , in agreement with results presented here. Bresnick and co-workers have suggested that the 4 S PAH-binding site might mediate the induction of CYP1A1 by compounds such as BP [62] . However, the fact that MET and DEX fail to induce CYP1A1 mRNA in hepatocytes cultured in a balanced salt solution suggests, with respect to MET-associated CYP1A1 induction, that MET interaction with the 4 S PAH-binding protein does not alone mediate CYP1A1 mRNA induction. The effect of medium photoactivation on increasing CYP1A1 mRNA induction by MET\DEX and the restoration of induction of CYP1A1 mRNA by MET in hepatocytes cultured in a balanced salt solution containing photoactivated tryptophan indicate that the METassociated induction of CYP1A1 mRNA is dependent, at least in itro, on the generation of photoactivated products of tryptophan. Previous work by this group [36, 37] and others [63] [64] [65] has shown that culture medium amino acid photoactivation results in the generation of CYP1A1 inducers, most notably from histidine and tryptophan. In experiments reported here, tryptophan, but not histidine, restores the induction of CYP1A1 mRNA in hepatocytes treated with MET in a balanced salt solution when subjected to photoactivation. Recent work in mouse cell lines has demonstrated that photo-oxidation products of tryptophan, which have been shown to bind to the AhR [66] , induce CYP1A1 gene expression, an effect dependent on the expression of AhR and AhR transformation to a xenobiotic response element-binding form in gel mobility-shift assays [65] . The requirement for photoactivated products of tryptophan for the induction of CYP1A1 mRNA by MET in itro suggests that MET indirectly induces CYP1A1 gene expression in itro by affecting the levels of tryptophan-photoactivated products. The variability in the levels of CYP1A1 mRNA induced by MET\ DEX compared with those by β-NF observed in these studies is probably associated with the variability in exposure of culture medium to light between experiments. It is possible that tryptophan oxidation products are functional endogenous ligands for the AhR and are degraded by CYPs to inactive inducers. Thus metyrapone might increase their intracellular levels by inhibiting their degradation by CYP.
These results show that MET in the presence of either DEX or cycloheximide induces hepatic CYP1A1 mRNA expression. Receptor-ligand binding analyses suggest that MET does not bind to the AhR. The requirement for photoactivated tryptophan products in itro, which are known to bind to the AhR, in METassociated induction of CYP1A1 suggests that MET acts to elevate the levels of photoactivated tryptophan products. The ability of MET to elevate the levels of a photoactivated amino acid inducer in itro suggests that the induction of CYP1A1 associated with MET is mediated by a similar mechanism in i o and therefore that there is an endogenously biosynthesized amino acid-derived ligand for the AhR. The requirement for glucocorticoid or cycloheximide in the MET-associated induction of CYP1A1 mRNA suggests that derepression by a GR-modulated negative-acting factor of gene expression might be critical to induction by this mechanism.
